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Abstract 
 
This thesis investigates the intermetallic compound reactions of eight different alloy 
compositions of Sn-based solder with Electroless Nickel Immersion Gold (ENIG) as the surface finish. 
The effects of adding 0.05wt%Ni and varying Bismuth compositions (0.5wt%Bi, 1.0wt%Bi, 
1.5wt%Bi and 2.0wt%Bi) to Sn-0.7Cu were analysed for as reflow condition and annealing period of 
500 hours, 1000 hours and 1500 hours at 150℃ and 170℃. The analysis includes measuring growth 
kinetics of the Cu3Sn and Cu6Sn5 layers and their activation energies.  
This will contribute to the study of desired properties in solder applications and its reliability 
impact. The report presents literature reviews on previous studies related to the objective of this thesis, 
concluding hypothesis based on these literature reviews, experimental methodology to prove the 
hypothesis and the analysis of the results obtained.  
In general, the intermetallic compound layer thicknesses increase over time for all alloys. The 
highest activation energy is shown by Sn-0.7Cu-2.0Bi with -4.43 J/mol. SAC305 shows a more stable 
growth kinetics and higher activation energy when compared to Sn-0.7Cu but both still has a high 
formation of Kirkendall voids. However, when Ni or Bi is added to the Sn-0.7Cu binary alloy, the 
formation of Kirkendall voids decrease significantly with Sn-0.7Cu-2.0Bi showing a higher growth 
kinetics and Cu3Sn suppression but Sn-0.7Cu-0.05Ni (SN100C) is more stable over time and 
temperature. For varying Bi compositions in Sn-0.7Cu-0.05Ni (SN100C), the activation energy and 
Cu3Sn suppression with 0.5wt.% Bi addition shows the best property in reference to SN100C while 
2.0wt.% Bi addition is the least potential candidate. 
Keywords: Intermetallic compound reaction; Pb-free solder; Sn-based alloys; ENIG substrate; Bi 
addition 
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1 Introduction 
1.1 Motivation 
 
The study of solder alloys is important as it is essential in almost every electronic assemblies. 
There are various factors that will affect its reliability.  Hence, the focus of study will be on the 
analysis of the interconnection between solder alloys and the Cu plate on printed circuit board (PCB). 
Different alloy compositions will result in different desired properties. 
For printed circuit board assemblies, it is widely known that Pb-based solders used to be the 
largest alloy groups utilized in electronics products [1]. However, there is an extending research to 
find a replacement for lead-based solders due to its ill effects on human. Some of it includes 
contaminated groundwater resources due to leaching from landfills (containing lead from electronic 
wastes) [2]. An advantage of database existence for Sn solders has existed over a long history. Hence, 
it is easy to utilize the existing information while trying to improve it by adding elemental additions. 
As the interfacial reactions between Sn-based solders and common base metals such as Cu has 
influential impact on the reliability of Pb-free solder applications, it is of interest to analyse the 
reactions between Cu substrate and Sn solder alloys due to additional elements. 
1.2 Project scope and goals 
 
The aim of this project is to study the microstructure of Sn-based alloys using ENIG surface 
finish for Pb-free solder application. The focus of the project is the intermetallic growth formed after 
soldering and annealing process. It is desired to produce Sn-based alloy compositions with relatively 
low eutectic temperature as compared to Sn-0.7Cu alloy and still keep its good solderability properties 
and cost-effectiveness [3].  
The scope of this thesis includes the interfacial reactions between industrial solder alloy, Sn-
0.7Cu-0.05Ni with Bismuth addition of varying compositions and surface finish using electroless 
Nickel immersion gold (ENIG). The study involves single reflow method and a few variations of 
annealing conditions which will be explained in Section 3.1. The effect of multiple reflows will not be 
studied in this thesis. The resulting analysis includes interfacial reactions and microstructure 
composition. Other reliability issues such as mechanical properties are considered beyond the scope 
due to time constraint.  
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2 Literature Review 
2.1 Understanding the formation of intermetallic compound layers 
 
 
Figure 1: Intermetallic compound layers at solder joint 
During soldering process, there is an interaction between Sn-based alloy (top) and the substrate 
(bottom) [4]. This interaction forms layers known as intermetallic phases, Cu6Sn5(η − phase) and 
Cu3Sn (ε − phase) [5]. These layers are important as they form a strong bond between the solder and 
the Cu plate. A specific amount of IMCs can improve mechanical and thermal properties of solder 
joints [6]. 
However, these layers are brittle because of the crystalline structure. Hence, excessive growth may 
result in cracking due to stresses induced during phase transformation. Hence, a stable IMC growth is 
needed to avoid this. Stability is important to avoid cracking due to stresses induced during phase 
transformation. For some cases, solder joints are referred as overheated when too much Cu is 
dissolved into the solder and will make it gritty [7]. 
Based on a study by Flanders, Jacobs, and Pinizzotto [8], the growth of the intermetallic layers can 
be expressed by the following equation: 
𝑋 =  √𝐷𝑡  
 
where X is the thickness of the intermetallic layer, t is the aging time and K is the growth constant at a 
specific temperature. 
Equation 1: Intermetallic layer thickness equation 
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The thickness of these IMCs varied with the solder compositions. The growth of IMC layers follows a 
parabolic growth curve. If this parabolic growth rate reduces with time, it reflects an increase in IMCs 
diffusion. The intermetallic growth can be related by the Arrhenius relationship to calculate the 
activation energies for both phases. The activation energies can be obtained from the slope of 
Arrhenius plot using linear regression models:  
𝐷 =  𝐷0𝑒
−𝑄
𝐾𝑇  
 
where D is the growth rate constant, 𝐷0 is the pre-exponential factor (𝑐𝑚
2/𝑠), k is the Boltzmann 
constant (8.62 ×  10−5
𝑒𝑉
𝑎𝑡𝑜𝑚𝐾
), Q is the activation energy (
𝑒𝑉
𝑎𝑡𝑜𝑚𝐾
), and T is the absolute temperature 
(K). 
It is almost impossible to avoid the formation of IMCs. Hence, their presence and properties 
must be factored into designs. It is necessary to know which compositions work ideally and after what 
time or temperature before it becomes brittle, crack or overheat.  
2.2 Selection criteria for alloy compositions in Sn-based alloys 
2.2.1 Sn-based solder alloys 
 
The important difference between Sn/Pb and Pb-free solders is the eutectic temperature for the 
formation of a proper intermetallic bond. The conventional Sn/Pb solders have a lower melting point 
which is at 183℃ as compared to the new Pb-free alloys, which has a melting point of 217℃ to 220℃ 
[3]. Almost all electronics applications perform soldering above this eutectic temperature to form a 
successful solder joint. According to Ma and Suhling [9], Pb has high wetting ability due to its 
capability to reduce surface tension of pure Sn. It also enables Sn alloy and Cu substrate diffuse 
quickly to form intermetallic compounds. Also according to Kariya, Gagg and Plumbridge [10], Pb 
also prevents the transformation of β-Sn to α-Sn, or known as “tin pest”, which will cause loos of 
structural integrity due to rapid volume increase. All these characteristics are the guidelines for finding 
the replacement of Pb-based alloys.  
As mentioned in Section 1.1, there is abundant of data existence for Sn-based solder system as 
a promising candidate to replace Pb-based alloy. One of the requirements that all solder 
interconnection alloys must satisfy is to wet and bond to metallic terminals or features on components 
Equation 2: Activation energy equation 
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and substrates. This implies that the solder must be capable of forming intermetallic compounds with 
Cu, Ni, and other metals routinely utilized in microelectronic packages. Second, a solder must have a 
melting point that is low enough to dissolve onto the PCB but high enough to withstand the operating 
temperature during application [11]. This is shown by Sn-Cu binary system [2].  
 
Figure 2: Cu-Sn phase diagram [3] 
Based on the phase diagram in Figure 2, the melting temperature of Sn-0.7Cu is lower than 
that of pure Sn (227℃ vs 231.97℃) [12]. Normally, solidification of Sn-Cu alloy starts with a decrease 
in temperature, followed by undercooling before it reaches the melting temperature, Ts [13, 14, 15]. 
Undercooling plays an important role in the nucleation and growth rate of the intermetallic layer as it 
provides the thermodynamic driving forces in alloys for phase transformation [16]. This proves Sn-Cu 
binary system as a promising candidate to replace Pb-based alloys. 
It is important to understand the solidification behaviour and microstructure of Sn-based 
alloys to further understand the intermetallic compound reactions that occur at the solder joint of Sn-
based alloys and the surface finish. The industrial application has shown Sn-0.7Cu alloy as an 
excellent lead-free solder alloy due to its good solderability plus the cost-effectiveness [17].  
 The addition of element traces via solidification can result in possible reliable phase formation 
or transformation in the binary alloy system [18]. Hence, studies on developing new alloys through 
trace element addition on Sn-0.7Cu are growing extensively.  
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2.2.2 Nickel as additional composition in Sn-based alloys 
 
During soldering, formation of Kirkendall voids at the Cu3Sn layer has been observed. This is 
due to the faster diffusion of Cu than Sn during thermal aging, hence the migration of Cu atoms on the 
substrate are not filled by Sn atoms. These vacancies merge into voids called Kirkendall voids. The 
density of the voided area increases with aging time and temperature which causes brittle fractures in 
the joint [19,20,21]. 
 
 
Ni particles are reported to have the ability to alter the composition of Cu6Sn5 IMC in the 
joint. Both have face-centered cubic (FCC) lattice structure. Therefore, Ni atoms can substitute into 
the Cu atoms of the IMC layers without distorting the lattice structure. Besides, the energy required to 
form the (Cu,Ni)6Sn5 IMC is lower than the Cu6Sn5 IMC which indicates that the (Cu,Ni)6Sn5 IMC 
possesses higher stability. 
According to studies by Felberbaum, M. et al [22] and Subramaniam [23/], a trace amount of 
Ni (500 ppm) produced a near-eutectic microstructure and reasonable solubility within the 
Cu6Sn5(η − phase) which is desired to achieve stability. In addition, Gain and Zhang [24] did an 
investigation on the effect of Ni on the formation of the intermetallic compound layers of Sn-Bi-based 
solders on Cu substrate. The result shows that the doping of Ni element suppressed the Cu3Sn layer 
and hence, shows only a scallop-shaped ternary (Cu, Ni)-Sn intermetallic compound layer at the 
interface with increasing thickness along time and temperature.  
Based on a study by Laurila et. al. [25], additional elements affect the interfacial reactions at 
the solder joint in terms of growth rate, physical properties of the phases formed (𝐶𝑢6𝑆𝑛5, 𝜂 − 𝑝ℎ𝑎𝑠𝑒 
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and 𝐶𝑢3𝑆𝑛, 𝜀 − 𝑝ℎ𝑎𝑠𝑒) and transformation or formation of binary phases. The authors suggested that 
the addition of Ni to Cu suppressed the growth of Cu3Sn almost completely. The intermetallic 
composition is expected to change based on the change of the reaction layer thickness [26, 42, 46]. 
Based on Figure 3, it can be seen that low Ni content provides a higher Ni dissolution in the 
intermetallic layer. 
 
Figure 3: Driving force for Ni dissolution in Cu6Sn5 [1] 
 It is known that excessive layers of IMC can cause a decrease in reliability of solder joint. 
However, Nishikawa et al. [27] reported that minor addition of Ni to Sn-0.7Cu solder alloy will result 
in slower growth rate of IMC layer and change the morphology of the IMC layers from scallop to flat. 
2.2.3 Bismuth as additional composition in Sn-based alloys  
  
There are limited studies to prove the reliability of Bismuth addition to Sn-based alloys. A study by 
Kang et al. [28] shows that traces of Bi element improves the intermetallic compound growth in aged 
Pb-free solder/Cu joint. This is supported by Rizvi et al.[29] where 1wt%Bi added to SAC solder 
inhibits the excessive formation of IMC layers after annealing with comparatively planar structures. 
Another study by Li et al. [30], when traces amount of Bi is added in Sn-Ag-Cu solder alloy system, 
the grain size of the intermetallic compound decreases which then inhibit the excessive intermetallic 
compound growth in solder joints. This improves the reliability of Pb-free solder joints [31]. 
Mahdavifard et al. [32] reported that addition of 2wt.% Bi to Sn-0.7Cu-0.05Fe significantly increased 
the yield strength due to reduction in Cu6Sn5 thickness layer and a more refined primary β-Sn 
dendrites. The closest study will be from Hu, Li and Min [33], where varying Bi compositions (0.7wt. 
% Bi and 1.3wt. % Bi) are added to Sn-0.7Cu/Cu solder alloy. They concluded that increasing Bi 
content will increase the IMC layer thicknesses.  
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2.4 Effect of surface finish 
 
Surface finish is an important factor that determines the reliability of solder joints due to its direct 
contact between the PCB and solder alloys. It insulates the copper layer while enabling soldering when 
assembling. The most used surface finishes in PCB assemblies are the hot air solder levelling (HASL 
LF), electroless nickel immersion gold (ENIG) and organic surface protectant (OSP) [34, 45]. Among 
factors to consider when choosing surface finish are the cost, assembly method, durability, shelf life 
and failures [35]. ENIG is known to be expensive due to the presence of gold but has a long shelf life 
[36]. Hence, it is desired to understand the effect of ENIG surface finish to Sn-based alloy. 
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3 Experimental Development 
3.1 Experimental Variables 
3.1.2 Alloy compositions 
 
Eight different Sn-based alloy compositions in the form of solder balls were prepared for this 
project. Four alloy compositions are the commercial alloys used in the electronic industry while 
another four alloy compositions were fabricated to be analysed and compared with the industrial ones. 
It is important to notice the addition of Bismuth traces to the Sn-based alloys. The effects of this 
additional element will be discussed in Section 5.4. The following table shows the two different 
groups of solder alloys: 
Table 1: Two groups of solder alloys used 
Commercial Sn-based alloys Designated Sn-based alloys 
1. Sn-0.7Cu 
2. Sn-3Ag-0.5Cu (SAC305) 
3. Sn-0.7Cu-0.05Ni (SN100C) 
4. Sn-0.7Cu-0.05Ni-1.5Bi (SN100CV) 
1. Sn-0.7Cu-2.0Bi 
2. Sn-0.7Cu-0.05Ni-0.5Bi 
3. Sn-0.7Cu-0.05Ni-1.0Bi 
4. Sn-0.7Cu-0.05Ni-2.0Bi 
 
3.1.2 Experimental conditions 
 
The procedures include alloy casting, cold-rolling into metal sheets followed by punching and 
finally, using reflow oven to form solder balls of 500μm in diameter. These will be further explained 
in Section 3.2. The balls were soldered onto a 10mm by 10mm printed circuit board (PCB) with 
Cu/ENIG surface finish as a preparation for the annealing process conditions as shown in Table 2. 
Accordingly, for each alloy composition, 9 sample boards were prepared for 3 different temperatures 
and 4 different annealing time: 
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Table 2: Sample distribution for preparation of annealing process 
Temperature (℃) 0 hour 500 hours 1000 hours 1500 hours 
Ambient (as reflow) 3 sample 
boards 
- - - 
150 - 3 sample boards 3 sample boards 3 sample boards 
170 - 3 sample boards 3 sample boards 3 sample boards 
 
Each condition provides 3 sample boards where one is required for cross-sectional analysis, 
one for dip-etching analysis and another one for contingency.  
3.1.3 Experimental Facilities and Settings 
 
1. Reflow Oven 
 
Reflow oven is used for two preparations; fabrication of solder balls and soldering the balls 
onto printed circuit board (PCB) using reflow method. The MC-301N Benchtop Batch Reflow 
Oven is used for its nitrogen version. Nitrogen input is necessary to reduce oxidation of metal 
during heating [37]. The following table shows parameters used for different preparations: 
Table 3: Parameters for different preparations 
Preparation Parameter 
Fabrication of solder balls Temperature: 250°𝐶 
Nitrogen pressure: 10psi 
Nitrogen scale: 1L/min 
Soldering onto PCB Temperature: 270°𝐶 
Nitrogen pressure: 10psi 
Nitrogen scale: 1L/min 
 
The usual profile for reflow temperature in the industry is 250°𝐶. However, after calibration, it 
is decided to use 270°𝐶 to accommodate margin error.  
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Figure 4: Reflow oven 
 
2. Grinding & Polishing Machine  
 
For grinding and polishing of the solder ball samples, the semi-automatic grinding and 
polishing equipment by Struers TegraSystem is used. It is a flexible modular system that can 
fit the experimental needs [38].  
Table 4: Struers TegraSystem operational functions 
System Description 
Struers TegraForce-5 A multipurpose specimen mover for handling 
up to 6 single specimens used for grinding and 
polishing. 
Struers TegraDoser-5 An automatic dosing system for different 
consumables in preparation methods. 
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Figure 5: Different setting using Struers TegraForce-5, a) Grinding, b) Polishing 
For different preparation purposes, different settings are used. Pre-set operational formula for 
Sn alloys is used.  The following table shows an overview of the settings used: 
Table 5: Settings for different preparations 
Preparation Setting 
#600 grit grinding 
#1200 grit grinding 
#4000 grit grinding 
Lubricant: Water 
Force: 15N / 90N 
Disc rotation speed: 150 rpm 
Sample holder speed: 150 rpm/anticlockwise 
Mol-surface polishing Suspension: DiaPro Mol 
Force: 15N / 90N 
Disc rotation speed: 150 rpm 
Sample holder speed: 150 rpm/anticlockwise 
Nap-surface polishing Suspension: DiaPro Nap 
Force: 10N / 60N 
Disc rotation speed: 150 rpm 
Sample holder speed: 150 rpm/anticlockwise 
Chem-surface polishing Suspension: OP-S 
Force: 10N / 30N 
Disc rotation speed: 150 rpm 
Sample holder speed: 150 rpm/anticlockwise 
 
  
b) Grinding a) Polishing 
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3. Scanning Electron Microscopy (SEM) 
 
Sample surface detail information is obtained using the Hitachi TM3030Plus Tabletop SEM 
[39]. This is necessary for the metallography analysis. Constant parameters are used for 
analysing images, as shown in the following table: 
Table 6: Parameters used for analysing images 
Specification Description 
Magnification 300x digital zoom for one whole solder ball. 
600x digital zoom for an overview of IMC 
layers. 
4000x digital zoom for ImageJ data 
processing. 
Accelerating Voltage 15kV 
Observation Mode SE: Standard/Charge-up Reduction 
 
 
Figure 6: TM3030 Scanning Electron Microscopy 
3.1.4 Classifications of analysis 
 
Analysis is done for cross-sectional analysis different purpose. The cross-sectional sample 
analysis requires cold-mounting, grinding until mid-plane of solder ball array and polishing. It is 
essential for the analysis of the intermetallic reactions occur at the interface of Cu/ENIG surface finish 
and the solder alloy joint.  
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3.2 Experimental Methodology 
3.2.1 Sample preparation 
 
The first step for sample preparation is the making of solder balls for eight different alloy 
compositions. The commercial alloy group was received in solder balls form (refer Figure 7a). 
However, the designated alloy group were received in pre-alloyed, metal sheets form (refer Figure 7b). 
Hence, more steps were involved in making the solder balls for the designated group. As the solder 
balls need to be of 500μm in diameter, the metals sheets were cold-rolled until 500μm thick. Then, 
these metal sheets were punched using puncher into 500μm diameter (refer Figure 7c to 7d) before 
heated using reflow oven to form solder balls as explained in Section 3.1.3.  
  
  
Figure 7: Solder ball making; a) As received solder balls for the commercial alloy group, b) Metal sheets after cold rolling, 
c) Puncher used to punch metal sheets into 500μm diameter 
 The solder balls formed were placed onto 10mm by 10mm printed circuit board with 
Cu/ENIG surface finish and reflowed again using parameters shown in Table 2 (Section 3.1.3).  
a) Commercial alloy 
group 
c) Puncher d) Punched metal sheet 
b) Metal sheets 
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Figure 8: Soldering solder balls onto PCB using reflow method; a) The 10mm by 10mm PCB, b) Soldered samples 
3.2.2 Annealing 
 
All samples were annealed using two different temperatures, 150oC and 170oC for 500 hours, 
1000 hours and 1500 hours as explained in Section 3.1.2. 150 oC temperature is an industrial profile 
used in manufacturing for solder applications. Hence, 170oC temperature is also tested to see the 
effects of exceeding the industrial profile temperature. Also, an overview of the annealed samples can 
be seen in Figure 8(b).  
After the annealing process, it is necessary to analyse the IMC layers at the solder joint. To 
achieve that, it is required to prepare the annealed samples accordingly. Hence, two preparations were 
done for the cross-sectional analysis. 
For cross-sectional analysis, samples were cold-mounted (refer Figure 9a) to aid the process of 
grinding and polishing. Grinding was done to the samples across three stages sand paper grits, #600, 
#1200 and #4000 (refer Figure 9b).until mid-plane of the PCB to view the cross-sectional area of the 
solder balls. Then, the cross-sectional area was polished using settings presented in Section 3.1.3. 
Different polishing clothes were used for different polishing stages.  
 
a) Printed circuit board b) Soldered samples 
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Figure 9: Preparation for metallography; a) Cold mounting process, b) Different grits of sand papers. 
3.2.3 Metallography 
  
The cross-sectional samples will be analysed using an optical microscope to get an overview 
of the reactions within solder alloy and the microstructural images were collected using Scanning 
Electron Microscopy (SEM) for detail intermetallic reactions, settings are presented in Section 3.1.3.  
 
Figure 10: Sn-0.7Cu-0.05Ni-1.0Bi intermetallic layer using; a) SEM microscopy, b) Optical microscopy 
Based on Figure 10, the SEM microscopy can focus on the interfacial layer without affecting 
the image resolution as compared to the optical microscopy (3000 magnification vs 50 magnification). 
It is desired to investigate the growth rate of Cu6Sn5 and Cu3Sn at the joint interfaces. 
 
Cu3Sn
5 
Cu6Sn
55 
a) Cold mounting preparation b) Sand papers 
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For cross-sectional analysis, the microstructural images were processed using ImageJ software 
to get the quantitative values thickness of the IMC layers. For dip-etched analysis, the microstructural 
images were analysed qualitatively by focusing on the top view morphology of the etched solder balls.     
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4 Risk Management Plan 
Risk assessment is important to identify potential failures and hence, mitigation strategies to 
avoid that. The assessment identifies risks associated with the project execution. Ratings were done 
based on the following risk management matrix: 
Table 7: Risk management matrix 
  Severity 
  1 2 3 4 5 
L
ik
el
ih
o
o
d
 
Almost 
certain 
H H E E E 
Likely M H H E E 
Moderate L M H E E 
Unlikely L L M H E 
Rare L L M H H 
 
The severity ranges from 1 to 5 with 1 being minor and 5 being catastrophic. 
L = Low; M = Medium; H = High; E=Extreme.
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Performance 
Risks 
Likelihood Severity Rating Mitigation Strategies Mitigation Consequences 
Mitigation 
Rating 
Loss of work 
due to 
technical 
problems. 
Unlikely, if 
precautions are 
taken. 
4 - If a substantial amount 
of work is lost then the 
consequences would be 
major. 
H 
Backup samples for each 
experimental condition have 
been prepared since the 
preparation phase to serve as a 
contingency plan. 
To provide alternatives if work is 
lost (e.g.; over-grinding, damages 
during dip-etching, etc.) 
L 
End result is 
not reliable. 
Moderate. It is 
possible that the end 
result becomes 
unreliable if 
important parameters 
are not considered. 
4 - An unreliable end 
result will lead to the need 
of repeating the whole 
methodology from the 
beginning. This consumes 
time and it is possible if 
this happens, the study is 
invalid. 
E 
Assess criticality of all 
assumptions. Ensure assumptions 
made are not more than five as 
this might affect a lot of other 
predictors. 
A thorough assessment can 
provide insight of the importance 
of assumptions. 
M 
Project 
objectives are 
not met. 
Moderate. It is 
possible that at the 
end of the project 
due, it is still not 
complete. 
4 - An incomplete project 
task means objectives are 
not met and hence, an 
unreliable project. 
E 
Provide a detailed project 
timeline and scheduled meeting 
with the supervisor. 
Project timeline will provide a 
clear guideline of the task 
execution while scheduled 
meeting with the supervisor will 
ensure the project timeline can be 
met. 
L 
Delays in 
schedule 
Likely. 
3 - Delays in schedule 
allow the possibility of late 
submission and hence, 
zero mark received. 
H 
Project timeline should consider 
any possibilities of schedule 
delayed. 
Contingency plan needs to be 
executed. 
L 
Table 8: Risk managemen
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5 Results & Discussion 
 
The focus of study is to analyse the Cu3Sn and Cu6Sn5 intermetallic layers at the solder joint 
interfaces. This intermetallic layers are a proof that the Cu pad reacts with the Sn solder ball to form 
chemical bonding. Generally, dissolution thicknesses show an increasing trend for all alloys. The 
dissolution rate can be observed by the polynomial regression of the growth kinetic. All alloys reaches 
a steady state after certain period except for Sn-0.7Cu which maintain an increasing trend for 
polynomial regression at 170oC (refer Figure 29 through Figure 36 in Appendices). This could be due 
to temperature exceeding the industrial profile of 150oC. 
It is of interest to determine the activation energy for the dissolution of the Cu substrate to different 
Sn-based alloys. For that reason, the growth rate at both 150⁰C and 170⁰C were calculated using 
Equation 1 (refer Section 2.1). This can be obtained from the slope of linear regression of the growth 
kinetics for each alloy (refer Figure 34 through Figure 41 in Appendices) which represents the growth 
constant, k. Based on these growth constants, Arrhenius relationship of the natural logarithmic of k 
against 1/T is used to determine the activation energies. This is a modification of Equation 2 (refer 
Section 2.1) in logarithmic scale to form the following equation [40]: 
ln 𝑘 = ln 𝐴 −
𝐸
𝑅
(
1
𝑇
)  
Equation 3: Activation energy (in logarithmic scale) equation 
For a Cu to dissolute into Sn alloy to form the intermetallic layers, it will need to exceed the 
activation energy. Hence, a higher activation energy means a slower growth rate. As discussed in 
Section 2.1, these layers are important for interfacial bonding but need to be controlled to avoid 
excessive growth. The following Arrhenius plot and table summarize the activation energies for 
individual alloy composition: 
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Figure 11: Arrhenius plot of individual alloy composition 
Table 9: Activation energies for individual alloy composition 
 
It can be seen clearly that Sn-0.7Cu has the lowest activation energy of all. This could lead to 
unwanted cracks due to stress of excessive growth. Hence, the effects of adding different elements to 
Sn-0.7Cu will be analysed in Section 5.2 through Section 5.4.  
The following sub-sections show the summarized data for individual alloy composition. Table 10 
through Table 17 presents the SEM images for each alloy composition at 150⁰C and 170⁰C for 500 
hours, 1000 hours and 1500 hours aging time. Figure 12 through Figure 19 presents the growth 
kinetics for the Cu3Sn and the total (Cu6Sn5 + Cu3Sn) intermetallic layers for each alloy composition.  
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ln
 K
 (
μ
m
^2
/h
) 
1/T(K^-1)
Arrhenius Plot of Individual Alloy Compositions
Sn-0.7Cu
Sn-3Ag-0.5Cu
Sn-0.7Cu-2.0Bi
Sn-0.7Cu-0.05Ni
Sn-0.7Cu-0.05Ni-0.5Bi
Sn-0.7Cu-0.05Ni-1.0Bi
Sn-0.7Cu-0.05Ni-1.5Bi
Sn-0.7Cu-0.05Ni-2.0Bi
Compositions Gradient Gas Constant, R 
(J.K^-1.mol^-1) 
Ea (J/mol) 
Sn-0.7Cu -6176.8 8.31 -51.35 
Sn-3Ag-0.5Cu -2076.9 8.31 -17.27 
Sn-0.7Cu-2.0Bi -532.7 8.31 -4.43 
Sn-0.7Cu-0.05Ni -1443.10 8.31 -12.00 
Sn-0.7Cu-0.05Ni-0.5Bi -814.09 8.31 -6.77 
Sn-0.7Cu-0.05Ni-1.0Bi -1131.60 8.31 -9.41 
Sn-0.7Cu-0.05Ni-1.5Bi -882.77 8.31 -7.34 
Sn-0.7Cu-0.05Ni-2.0Bi -2352.20 8.31 -19.56 
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5.1 Individual Alloy Compositions 
5.1.1 Sn-0.7Cu  
 
Table 10: Growth kinetics of IMC thicknesses for Sn-0.7Cu in different test conditions 
500 hours  1000 hours 1500 hours 
150 °𝐂 
 
 
 
170 °𝐂 
   
 
 
Figure 12: Graph of growth kinetics summary for Sn-0.7Cu 
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5.1.2 Sn-3Ag-0.5Cu (SAC305) 
 
Table 11: Growth kinetics of IMC thicknesses for Sn-3.0Ag-0.5Cu in different test conditions 
500 hours  1000 hours 1500 hours 
150 °𝐂 
 
 
 
170 °𝐂 
  
 
 
 
Figure 13: Graph of growth kinetics summary for Sn-3.0Ag-0.5Cu 
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5.1.3 Sn-0.7Cu-2.0Bi 
 
Table 12: Growth kinetics of IMC thicknesses for Sn-0.7Cu-2.0Bi in different test conditions 
500 hours  1000 hours 1500 hours 
150 °𝐂 
 
  
170 °𝐂 
  
 
 
 
Figure 14: Graph of growth kinetics summary for Sn-0.7Cu-2.0Bi 
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5.1.4 Sn-0.7Cu-0.05Ni (100C)  
 
Table 13: Growth kinetics of IMC thicknesses for Sn-0.7Cu-0.05Ni in different test conditions 
500 hours  1000 hours 1500 hours 
150 °𝐂 
 
 
 
170 °𝐂 
 
  
 
 
Figure 15: Graph of growth kinetics summary for Sn-0.7Cu-0.05Ni 
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5.1.5 Sn-0.7Cu-0.05Ni-0.5Bi 
 
Table 14: Growth kinetics of IMC thicknesses for Sn-0.7Cu-0.05Ni-0.5Bi in different test conditions 
500 hours  1000 hours 1500 hours 
150 °𝐂 
 
 
 
170 °𝐂 
  
 
 
 
Figure 16: Graph of growth kinetics summary for Sn-0.7Cu-0.05Ni-0.5Bi 
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5.1.6 Sn-0.7Cu-0.05Ni-1.0Bi 
 
Table 15: Growth kinetics of IMC thicknesses for Sn-0.7Cu-0.05Ni-1.0Bi in different test conditions 
500 hours  1000 hours 1500 hours 
150 °𝐂 
 
 
 
170 °𝐂 
 
 
 
 
 
Figure 17: Graph of growth kinetics summary for Sn-0.7Cu-0.05Ni-1.0Bi 
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5.1.7 Sn-0.7Cu-0.05Ni-1.5Bi (100CV) 
 
Table 16: Growth kinetics of IMC thicknesses for Sn-0.7Cu-0.05N-1.5Bi in different test conditions 
500 hours  1000 hours 1500 hours 
150 °𝐂 
 
 
 
170 °𝐂 
 
  
 
 
Figure 18: Graph of growth kinetics summary for Sn-0.7Cu-0.05Ni-1.5Bi  
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5.1.8 Sn-0.7Cu-0.05Ni-2.0Bi 
 
Table 17: Growth kinetics of IMC thicknesses for Sn-0.7Cu-0.05Ni-2.0Bi in different test conditions 
500 hours  1000 hours 1500 hours 
150 °𝐂 
 
 
 
170 °𝐂 
 
  
 
 
Figure 19: Graph of growth kinetics summary for Sn-0.7Cu-0.05Ni-2.0Bi  
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5.2 Effects of different binary system 
 
Sn-3.0Ag-0.5Cu (SAC) is the only alloy not in the Sn-Cu binary system. SAC series is one of 
widely accepted Pb-free alloys. In this case, Sn-3Ag-0.5Cu or known as SAC305 is studied. 
According to Ma and Suhling [9], there is an additional possible intermetallic that may be formed 
which is the Ag3Sn which contributes to better fatigue resistance. However, there is no apparent layer 
found in this study. Figure 20 shows the IMC layers comparison between Sn-0.7Cu and SAC305. It 
can be seen from Figure 20b that SAC305 contains foreign particles within the IMC layers. These 
particles are assumed to be Ag.  
 
 
Figure 20: IMC layers at 150⁰C (500 hours) in; a) Sn-0.7Cu, b) SAC305 
 
Different surface finishes have different effects to SAC305. The effect of ENIG surface finish 
can be relatively compared to Sn-Cu binary alloys. Based on a study by Xu Zheng et. al. [34], ENIG 
pad showed poor reliability performance in terms of interface micro-crack defect on Sn-3.0Ag-0.5Cu. 
This can be seen from Table 10 in Section 5.1.2 where voids can be seen obviously at the solder joint, 
specifically at Cu3Sn layer. These voids are assumed to be Kirkendall voids based on discussion in 
Section 2.2.1. 
a) b) 
Ag particles 
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Figure 21: Graph of Total Growth Kinetics of Sn-0.7Cu vs SAC305 (150° C) 
 
Figure 22: Graph of Total Growth Kinetics of Sn-0.7Cu vs SAC305 (170° C) 
It is known that Sn-Ag-Cu ternary system has a low melt point than Sn-Cu binary alloys 
which means a higher wettability [2, 44]. This is proven as can be seen in Figure 21 and 22. Both 
alloy compositions show the same growth constant over time at 150⁰C. However, as temperature 
increases, the IMC thicknesses in SAC305 is still high but has become more stable. It is an evidence 
of higher adherence. This assumption is supported by the higher activation energy in SAC305 as 
compared to Sn-0.7Cu. The activation energy for SAC305 is almost 3 times higher than Sn-0.7Cu as 
presented in the following Arrhenius plot: 
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Figure 23: Arrhenius Plot of Sn-0.7Cu vs SAC305 
Table 18: The activation energies for Sn-0.7Cu vs SAC305 
Compositions Gradient Gas Constant, R (J.K-1.mol-1) Ea (J/mol) 
Sn-0.7Cu -6176.80 8.31 -51.35 
Sn-3.0Ag-0.5Cu -2111.50 8.31 -17.56 
 
 Both alloy compositions show a relatively high formation of Kirkendall voids. However, a 
higher solder joint reliability in terms of wettability is provided by SAC305 as compared to Sn-0.7Cu. 
As both alloy compositions used ENIG as surface finish, a comparison can be done relatively to the 
other elemental additions with reference to Sn-0.7Cu. This will be discussed further in the following 
section.  
5.3 Effects of different elemental additions to Sn-Cu binary system 
 
 An elemental addition to the Sn-Cu binary system will form ternary system. In this section, 
two ternary system will be compared, Sn-Cu-Bi and Sn-Cu-Ni. As mentioned in Section 2.2.3, studies 
of Bismuth effects on Sn-based alloy is still limited. However, the reliability of Sn-0.7Cu-0.05Ni 
(100C) has been proven as a commercial solder alloy [41]. Hence, the addition of Bismuth to Sn-
0.7Cu binary alloy can be compared to SN100C to see the comparative reliability.  
 Based on individual IMC layers growth in Table 10, 12 and 13 of Section 5.1 (Sn-0.7Cu vs 
addition of 0.5wt%Ni and 2wt% Bi), the formation of Kirkendall voids and Cu3Sn layer decreases 
significantly when elemental additions Ni or Bi are added to Sn-0.7Cu. In addition, a scallop like 
morphology in Sn-0.7Cu changes to flatter morphology when Bi is added and the flattest when Ni is 
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added. This is desired for a higher reliability of solder joint. Based on Figure 24, the growth kinetics 
when Bi is added is the highest at 150⁰C, followed by Ni addition and then without any elemental 
addition. However, as temperature increases to 170⁰C, Sn-0.7Cu-0.05Ni shows the highest stability as 
compared to Sn-0.7Cu-2.0Bi and Sn-0.7Cu. Stability is shown by a flatter slope of the gradient line.  
 
Figure 24: Graph of Total Growth Kinetics of Sn-0.7Cu for Different Elemental Additions (150° C) 
 
Figure 25: Graph of Total Growth Kinetics of Sn-0.7Cu for Different Elemental Additions (170° C) 
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Figure 26: Arrhenius Plot of Sn-0.7Cu for Different Elemental Additions 
Table 19: Activation energies of Sn-0.7Cu for different elemental additions 
Compositions Gradient Gas Constant, R 
(J.K-1.mol-1) 
Ea (J/mol) 
Sn-0.7Cu -6176.80 8.31 -51.35 
Sn-0.7Cu-0.05Ni -1443.10 8.31 -17.27 
Sn-0.7Cu-2.0Bi -532.70 8.31 -4.43 
 
In terms of activation energy, although Bi addition shows a higher growth kinetic as compared to Ni 
addition, it has the flattest gradient on Arrhenius plot. Hence, the highest activation energy which 
means the slowest growth rate across time. This is probably due to less reliability of Arrhenius plot 
because only two temperatures are varied. The activation energy for Sn-0.7Cu is the lowest.   
As discussed in Section 2.2.2, the addition of Ni can fill in the Kirkendall voids which can reduce 
cracks. This can be observed by the growth kinetics of Cu3Sn layer where Kirkendall voids form. The 
suppression of Cu3Sn layer means a reduction in the formation of Kirkendall voids. Based on Figure 
27, it can be seen that the result of the growth kinetic where 0.05wt%Ni addition to Sn-0.7Cu has 
significantly lower Cu3Sn thickness as compared to without Ni addition at 150⁰C. However, as the 
temperature increase to 170⁰C, it has become relatively similar (refer Figure 28). For the case of 
adding 2.0wt%Bi to Sn-0.7Cu, the Cu3Sn thickness remain the minimum among the three alloys.  
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Figure 27: Graph of Cu3Sn Growth Kinetics of Sn-0.7Cu for Different Elemental Additions (150° C) 
 
Figure 28: Graph of Cu3Sn Growth Kinetics of Sn-0.7Cu for Different Elemental Additions (170° C) 
5.4 Effects of varying Bismuth compositions 
 
 Different compositions of Bi are now compared when added to Sn-0.7Cu-0.05Ni (SN100C). 
In this case, the addition of 1.5wt%Bi to SN100 has been commercialized. This is available as 
SN100CV (Sn-0.7Cu-0.05Ni-1.5Bi). Slight difference is shown by the growth kinetics of Bi addition. 
At 150oC, addition of 0.5wt.% Bi is the highest while SN100C and SN100CV shows the lowest 
growth with almost similar trend. At 170oC, 2wt.% Bi addition has the highest growth kinetics while 
SN100CV shows the lowest growth. In general, SN100CV (1.5wt.% Bi addition) shows the slowest 
growth rate of all.  
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Figure 29: Graph of Total Growth Kinetics of SN100C for varying Bi Compositions (150° C) 
 
Figure 30: Graph of Total Growth Kinetics of SN100C for varying Bi Compositions (170° C) 
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Figure 31: Arrhenius Plot of SN100C for varying Bi Compositions 
Table 20: Activation energies of SN100C for varying Bi compositions 
Compositions Gradient Gas Constant, 
R(J.K-1.mol-1) 
Ea (J/mol) 
Sn-0.7Cu-0.05Ni -1443.10 8.31 -12.00 
Sn-0.7Cu-0.05Ni-0.5Bi -814.09 8.31 -6.77 
Sn-0.7Cu-0.05Ni-1.0Bi -1131.60 8.31 -9.41 
Sn-0.7Cu-0.05Ni-1.5Bi -882.77 8.31 -7.34 
Sn-0.7Cu-0.05Ni-2.0Bi -2352.20 8.31 -19.56 
 
In general, the morphology when Bi is added to SN100C is less planar than SN100C but has roughly 
the same type of morphology structure (refer Table 13 through Table 17). This can be shown by the 
slight difference in activation energies. The activation energy is highest for 0.5wt%Bi content and 
lowest for 2wt%Bi. 0.5wt%Bi, 1.0wt%Bi and 1.5wt%Bi is still higher than SN100C which means a 
better solder joint reliability. However, the fact that SN100CV shows the slowest growth rate from 
graph of growth kinetics at both 150oC and 170oC contradicts the activation energy results where 
0.5wt.% Bi addition shows the slowest growth rate. This is probably due to less variables (only two 
varied temperatures) in plotting the Arrhenius plot.  
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Figure 32: Graph of Cu3Sn Growth Kinetics of SN100C for varying Bi compositions (150° C) 
 
Figure 33: Graph of Cu3Sn Growth Kinetics of SN100C for varying Bi compositions (170° C) 
In terms of Cu3Sn suppression, 0.5wt.%  Bi addition shows the greatest suppression for both 
temperatures while 2.0wt.% Bi addition shows the slightest suppression. This can be seen clearly from 
Table 14 in Section 5.1.5 where Cu3Sn layer is very thin. Hence, based on both the activation energy 
and Cu3Sn suppression, 0.5wt.% Bi addition is the most potential candidate in reference to SN100C 
while 2.0wt.% Bi addition shows the least potential.   
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6 Conclusion  
 
Generally, the intermetallic compound layer thicknesses show an increasing trend for all alloys. The 
thicknesses for all alloys reaches a steady state after annealing at 150oC and 170oC over certain period 
except for Sn-0.7Cu which maintain an increasing trend for polynomial regression at 170oC.  Sn-
0.7Cu has the lowest activation energy of all, -51.35 J/mol which means the fastest growth rate and 
possibility of unwanted excessive growth. The highest activation energy is Sn-0.7Cu-2.0Bi with -4.43 
J/mol. It is of interest to further analyse this alloy composition due to the slowest growth rate while 
maintaining a strong bond between Sn solder alloy and the Cu substrate.  
In terms of morphology, Sn-0.7Cu has the scallop type morphology. This is also shown by SAC305 
but with less roughness. When Bi is added to Sn-0.7Cu, the morphology shows a flatter structure but 
still rough. However, when Ni is added to Sn-0.7Cu, the morphology changes to a very planar type 
structure. Bi addition to Sn-0.7Cu-0.05Ni slightly changes the planar type morphology to a rougher 
grains but not as scallop type as Sn-0.7Cu. 
For different binary system, Sn-0.7Cu and SAC305, both show a relatively high formation of 
Kirkendall voids due to high Cu3Sn layer thicknesses. However, SAC305 shows a more stable growth 
kinetics and higher activation energy.  
When Ni or Bi is added to the Sn-0.7Cu binary alloy, the formation of Kirkendall voids decrease 
significantly. Sn-0.7Cu-2.0Bi shows a higher growth kinetics but Sn-0.7Cu-0.05Ni (SN100C) is more 
stable over time and temperature. In terms of suppression of Cu3Sn layer, Sn-0.7Cu-2.0Bi shows a 
better property followed by Sn-0.7Cu-0.05Ni (SN100C). 
For varying Bi compositions in Sn-0.7Cu-0.05Ni (SN100C), the activation energy and Cu3Sn 
suppression with 0.5wt.% Bi addition shows the best property in reference to SN100C while 2.0wt.% 
Bi addition is the least potential candidate.   
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8 Appendices 
Raw Data  
Sn-0.7Cu 
 
Table 21: Values of IMC thicknesses of Sn-0.7Cu for different test conditions 
Temperature (℃) Intermetallic 
  
Aging Time (hour) 
0 500 1000 1500 
As Reflow 
  
Cu₃Sn 0.27 - - - 
Total 2.16 - - - 
150 
  
Cu₃Sn 0.00 0.29 0.40 0.49 
Total 0.00 3.33 3.57 4.15 
170 
  
Cu₃Sn 0.00 0.36 0.40 0.51 
Total 0.00 3.36 5.14 8.81 
 
 
Figure 34: Graph of total growth kinetics for Sn-0.7Cu 
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Sn-3Ag-0.5Cu 
 
Table 22: Values of IMC thicknesses of Sn-3Ag-0.5Cu for different test conditions 
Temperature (℃) Intermetallic Aging Time (hour) 
0 500 1000 1500 
As Reflow 
  
Cu₃Sn 0.17 - - - 
Total 3.16 - - - 
150 
  
Cu₃Sn 0.00 0.28 0.39 0.36 
Total 0.00 3.34 3.49 4.21 
170 
  
Cu₃Sn 0.00 0.39 0.43 0.45 
Total 0.00 3.90 4.80 5.00 
 
 
Figure 35: Graph of total growth kinetics for Sn-3Ag-0.5Cu 
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Sn-0.7Cu-2.0Bi 
 
Table 23: Values of IMC thicknesses of Sn-0.7Cu-2.0Bi for different test conditions 
Temperature (℃) Intermetallic Aging Time (hour) 
0 500 1000 1500 
As Reflow 
  
Cu₃Sn 0.15 - - - 
Total 1.87 - - - 
150 
  
Cu₃Sn 0.00 0.23 0.29 0.33 
Total 0.00 3.53 4.24 4.90 
170 
  
Cu₃Sn 0.00 0.27 0.31 0.33 
Total 0.00 5.32 5.38 5.77 
 
 
Figure 36: Graph of total growth kinetics for Sn-0.7Cu-2.0Bi 
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Sn-0.7Cu-0.05Ni  
 
Table 24: Values of IMC thicknesses of Sn-0.7Cu-0.05Ni for different test conditions 
Temperature (℃) Intermetallic Aging Time (hour) 
0 500 1000 1500 
As Reflow 
  
Cu₃Sn 0.08 - - - 
Total 3.01 - - - 
150 
  
Cu₃Sn 0.00 0.24 0.32 0.35 
Total 0.00 3.31 3.96 4.27 
170 
  
Cu₃Sn 0.00 0.26 0.35 0.60 
Total 0.00 3.99 4.50 5.05 
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Figure 37: Graph of total growth kinetics for Sn-0.7Cu-0.05Ni 
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Sn-0.7Ci-0.05Ni-0.5Bi 
 
Table 25: Values of IMC thicknesses of Sn-0.7Cu-0.05Ni-0.5Bi for different test conditions 
Temperature (℃) Intermetallic Aging Time (hour) 
0 500 1000 1500 
As Reflow 
  
Cu₃Sn 0.12 - - - 
Total 3.35 - - - 
150 
  
Cu₃Sn 0.00 0.21 0.30 0.33 
Total 0.00 3.96 4.74 4.99 
170 
  
Cu₃Sn 0.00 0.30 0.33 0.36 
Total 0.00 4.58 5.33 5.37 
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Figure 38: Graph of total growth kinetics for Sn-0.7Cu-0.05Ni-0.5Bi 
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Sn-0.7Cu-0.05Ni-1.0Bi 
Table 26: Values of IMC thicknesses of Sn-0.7Cu-0.05Ni-1.0Bi for different test conditions 
Temperature (℃) Intermetallic Aging Time (hour) 
0 500 1000 1500 
As Reflow 
  
Cu₃Sn 0.14 - - - 
Total 2.83 - - - 
150 
  
Cu₃Sn 0.00 0.26 0.40 0.41 
Total 0.00 3.53 4.35 4.52 
170 
  
Cu₃Sn 0.00 0.28 0.35 0.40 
Total 0.00 3.73 4.88 5.10 
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Figure 39: Graph of total growth kinetics for Sn-0.7Cu-0.05Ni-1.0Bi 
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Sn-0.7Cu-0.05Ni-1.5Bi 
 
Table 27: Values of IMC thicknesses of Sn-0.7Cu-0.05Ni-1.5Bi for different test conditions 
Temperature (℃) Intermetallic Aging Time (hour) 
0 500 1000 1500 
As Reflow Cu₃Sn 0.30 - - - 
  Total 3.72 - - - 
150 Cu₃Sn 0.00 0.35 0.50 0.49 
  Total 0.00 3.94 3.96 3.98 
170 Cu₃Sn 0.00 0.30 0.46 0.49 
  Total 0.00 4.06 4.39 4.34 
 
 
Figure 40: Graph of total growth kinetics for Sn-0.7Cu-0.05Ni-1.5Bi 
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Sn-0.7Cu-0.05Ni-2.0Bi 
 
Table 28: Values of IMC thicknesses of Sn-0.7Cu-0.05Ni-2.0Bi for different test conditions 
Temperature (℃) Intermetallic Aging Time (hour) 
0 500 1000 1500 
As Reflow 
  
Cu₃Sn 0.25 - - - 
Total 2.57 - - - 
150 
  
Cu₃Sn 0.00 0.33 0.43 0.55 
Total 0.00 3.66 4.23 4.78 
170 
  
Cu₃Sn 0.00 0.30 0.62 0.68 
Total 0.00 5.48 5.79 5.99 
 
 
Figure 41: Graph of total growth kinetics for Sn-0.7Cu-0.05Ni-2.0Bi 
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